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Abstract: In order to deal with complexity of traditional finite element analysis and inaccurate
description of cracks, a kind of space equivalent truss element was proposed based on space stress
element and plane equivalent truss element method. Based on the principles of stiffness
equivalence for space equivalent truss element and space stress element, the equivalent element
stiffness matrix, the equivalent sectional area of member bar and the calculation formula of axial
force were derived. The problems related to space equivalent truss element used in nonlinear
analysis of reinforced concrete (RC) structure were discussed. A bridge pier structure was
analyzed by space equivalent truss element with ANSYS 10. 0, and the analysis results were
compared with the results of plane equivalent truss element and test. The results show that the
proposed method is feasible to analyze RC structure, and can satisfy the requirements of
engineering precision and accurately describe the crack development.

Key words: space equivalent truss element; finite element method; stiffness equivalence; RC

Wt B #3:2015-01-10
BEWE:EHEARFFELTH (51278179 s Kbl BHE 1 1 4 50 H (K1205229-11)
PEE B R I7 (1954 . B W K U0 08 1L WF 5 2 90 . 24 L E-mail : wibprof@163. com,



2 AHAFE TRFR

2015 %

structure; nonlinear analysis

0 51 7T

A BRICIEAE g — P B 2B BB o A J7 ik i
FC AR R . B 20 TR it 3 b R
N2 FRUE TR T k. 1967 4R R s
Ngo il Scordelis %% T 55 1 fi 75 8 4 1R 5E £ v B
FARLAEA BRITTT 2 1918 3¢ AT A R 5T 3k X #9
PR B L 0 SR AT T LA AT L b L Ok
2 NI Al T RE I I 58N B3R X AP 53 L P 4 A
RBE S5 H 70 B » I B T I BF 58 R

R FA AL GE 9 A FROT 1% 70 A B9 790 1 5 - 4 A
T ZAR A [7] 9 550 28 Y A 3 AN [R] (9 1E R B, T8O
X 21 5 =GRS 0 R R E R H
MET S . e AL ) 1 AR G IR OT A T
o R B R SRR R SRR R T
B GEAE SUINT , — HL AT Y BB ) 2 4% At 25 30557 X
Or AR B AR A2 A HAR Bk TSR AR SR A A
U AN BB XS 28 5% 1 o A B2 FITE AR 25 Hh il 2 1
A . AN SORR AP T A AT AL T B SR 4R
— g 24 MR —ZEAF R 2SR 23 8] S AT 2R AT L IX
Folt B T Je R I R I — MR AT 52 1 RS 3R = 4
52 1R o B EIE eR R i A5 9 Hosoo
FIF 19 W7 28 RT LA T 3 40 499 7313 A0 1 € & 14 Al O
M ] DLUSE B2 44 PR s A A R 1 A i i . AR SR
B H 10 25 (8] S5 R0HT 2R B0 D5 o0 — MR I s A ik A1 AR
LNk AT 5 5 1 A ROHT SR B 0T T i R T ik
JIT A A AR AEAT X L - R 1% 05 35 0 T A AT R Bk 4G
F o3 M7 B A AT

1 TEEUMHRET

BB R ERRIR
Bl 1) g 23 [V OTAR BT R sy 2 T T Y
RAF de=dy=d==h, oot bR s kst o £,
BIUIRCRE N GARRA L o B 1 (b)) Oy 23 [A] 45 A4 A
ZREATG, HANOLR S 5 25 (8] o /R SOCAH [ L 1 BT
P B S Ao NIRRT BE V2R [ B AR BEAP
P S5 R T T AR A Bl e TR D WIBEDR £y s
PR T A5 28 AR T T AR A A il BT O W
A ks
1.2 BT EHERE

Y 23 (8] S 250HT 20 B T R AT 2 S . A 1A
2 PR

1.1

|
i f
! = ’/ : ~
| |
A AN
VA ' U
7 / Ne--
v/ \ N
h h
f———— o

(a) =Tk T (b) 7 i) 45 B AT 48 H oG

ZETEAT ST EEHMHRET

Space Micro Element and Space Equivalent

1
Fig. 1

Truss Element

& 2

THENMRETTREHERS
Fig.2 Code of Node Freedom Degrees of Space

Equivalent Truss Element

AR5 W 82 A B st B L T A5 4% ) S5 RHT 42 5T W

FERLFE K
,KH -
KZl KZZ
K: Ki; K sym.
K, K., K; K,
K: 11 12 13 11 (1)
Kﬁl KSZ KS.'S K5’I K55
Kél KGZ Kbi KG’I K65 KGG
K7l K72 K73 K7'I K75 K7G K77
7K81 KSZ K83 KS'I K85 KSG K87 K88 i
Tk +k, 0.5k, 0.5k,
K, =|0.5k, ki Tk, 0.5k
LO. Skg 0. Bkz kZ +k2
7ikl O O
K, =| O 0 0
L O 0 O
7k1+k2 70.5k2 70.5/32
KZZ — _O. 5/\?2 k] +k2 O. Skz
,70. Skg 0. 5k2 kl +kg



% 3 R R TR A R AR R 2 M R AT 3
—0.5k, 0 —0.5k, K S35 DA D 2 N R S Ak B A [R] B T e 2R
K, = 0 0 TSRS . AR ST B A ) S AT AR BT S A
|—0.5k, 0 —0.5k, [F1] 34 T A BTG ) I A8 A5 0N B AR A AL I 5 R
o 0 0 TAAS E 2 e, 1 1 45 2 i 2 [ OT iR S 50R R
K;;=|0 0 0 25 ) 45 50HT 42 BR. 0 Y BRL G NI B AR B
0 0 —Fk 1.3.1 EREFZIHH
Tk +k, —0.5k, 0.5k, XoF 753 () S T AR BTG 5 2 [) 45 2807 42 50 o0 it o 4n
K;;=|—0.5k;  ki+k, —0.5k 3 P RAR BRIV B A Y ST 3 P BT T A
L 0.5k,  —0.5k, ky+k, TV A o MR S A S U Y R RS AR S L B 60 =6
—0.5k, 0 0.5k, 8 =02 +85 =20 .
K..= 0 0 0 P=l  P=1 P=1 P=1
L O. 5k2 O 70. Skz 1 ‘
P=1 / Aip=1
_k] +k2 O. Skg _0. Skz "GMI : ‘
K,=| 0.5k,  kitk, —0.5k ib—li @%
__O.Skg _0.5/\?2 k1+k2 %" a g
00 0 o, Ty,
> [
K.,=|0 —Fk O (a) =% )54 Ak B O IE V. A% (b) =% [A) 55 B HT 32 B 70 1F AR
o0 0 3 EREEHNH
[—0. 5k, 0. 5k, 0 Fig. 3 Equivalent Analysis of Normal Strain
K,=| 0.5k, 0.5k 0 KRB 725 R0 45 M ) 2% S50, 7T 45 1 10 45
Lo 00 SRS S B
0 0 0 h 4
— s — _n _ — K
K. — 0 o 01 =03, = he, E lo. —plo, T0.)] Ehl
0 o N A (2)
- 832/153Z*[Gz—#(a,.JFoy)]:—f [
0 0 0 E Eh
_ _ N , , k.
K,=|0 —0.5k 0.5k 5 = = 2 1
P Skiky, 282k
0 0.5k,  —0.5k, | ‘ “+ L (3
. B . 2k 3k J’
K;,=|—0.5k, —0.5k, O . N —
o . ’ . ’ . Kfierses 0 W PICIRTE 202 T 10N AE 50,
) ) oy 0. S B ICIRTE 20y sz J5 ] YR T
ro 0 0 1 , , , .
H 61 =061:6:=08,0,=0; W15
K72: O 70. Sk_z 70. Sk_z
b= (A—3wEh
10 —0.5k;, —0.5k, | ! 4(1+#)(1*2/¢) A
K, =K, :K,;; =K ,K;; = K;; , K¢, = K5, 5 Ks; =K, 5 b — #Eh J (4
K;,=K;; ,K;; =K, . Ky =K, . K7y = K53, K, = K5, ’ 72(1+#)(1*2#)

K, =K; ,K:;; =
=K, , K, = K;, ,Ks; =K, . Kgs =K,

K;, =K;; , Kg;
Ky =K, , Ky =
Hrp

L3 EFHHH

7 (] 55 24T 8 50 i 25 (8] BT A B o0 25 S

K; .K; =K, ,K;; =K, Ky; =K,

K,
EA
k= h l
kz :EAZ
NA

1.3.2 W REEFHHN

23 [ S e A BT 5 4 () A5 AT 4R PR T ZE N 4
JIE 7T AT A R R A B AR L AR A KR
D) 55 55057 B 18 M 5L B 6, =0 .

R A4 Jt g 2 F0 25 4 g 2 D53 L m] A5 AH I 1
SRS 00400 A B

SN P SR
W=rh=Gh =" Ghl

) - 5)
0, J




4 AHAFE TRFR

2015 %

p=1 P=1
P=1
P=1"]} 1715
—5 1 -
Y v —
L €% AP !
(a) =) ook o0 (b) = ) 55 M7 42 870

B4 BHEEEHRSH
Fig. 4 Equivalent Analysis of Shear Strain
ey A HICIARAE Oxz SR 37 HAE Oxy
- THT A4 55 YA
H 0, =0, A1

Gh

1.3.3 SR E it
DRI SCHE S AT 0 78 15 A8 5T W AR 80T . i
FHT AW B &y FH S 0] 15
ID

= p=
G’(1+#x1—m» e
R A5 S PE B A
. E
G*2u+w) &

M =0.25 B R (D, TR IT IR G
G BRIRBE L p (G 0.15~0. 23,5 4=0. 25
AR AT . H 52 BB B + 78 Bl AR 1T R IR AL L A r 3
Ko Rl A SCHRE6 1 mT 0, FH GE I A8 55 20015 21 1 &
W A B o7 A 45 5 A5 30 1 R I BE L 1O R 22 R
ANBIEESS A UK N
1.4 HHEZRHEEER

R BA A} 07 27 Jir 4L R0 SR AT 08 FF 1 S8 R0 BE e s
ko s PTG AT A 1) A5 ORI TN R Ay AL 43000

A = (1*3/1)/12
14u+)u—2%

" # (9
A= o2 [
204 (=240

L5 Brih&FHAnitE
R A AL RS Z 5 AT LR A B AR AT R Y
2 A G LA SR A AT PR R T NS B

r—cos(0.)77 ru; 7

—cos(d,) v,
- O;(gg) );

Ne=EA] “ (10)
L | cos(4,) u;
cos(0,) v;
L cos(0.) | lw

A A AT PR AR L A FT PR 50 23 5 R
FFAE A 6 10 5 550,50, 0. S N AT RS s ys 2
B BRI A s wsvsw G2 B NAT BRI 20y 2 RO AL RS

2 REEZER R A AR A S A
ch Kz

2.1 WEHRRLTHEHMERTEBERERRE

AR ST R B - 25 K A PR T AR TR SR 4 B A
G (R o G S AN QS I e e v R
T » 18 B b R TT R A SCHE S 1) 23 9] S5 UM AR BT
A TR HTAF 4 B0, LB ST W) R I K 22 R
K AD PEATHHL B
% af ay —a —aff —ay |

g Br —ap =B By

2

KSZE“A" a *;1}’ —By —v an
L a af3 ay
sym. 37 By

2

Y
A EC AL 23 5 S 55 B0 A e R AR T T AR
a=cos(f,) ;f=cos(0,) ;y=cos(4.),

R TR BB - 5T P B2 R 4 R 99 791 B0 I R I
L O 2 R ol st TR0 A B G T A A R 5 2 A A
FIR T 4SS T8 1 o A M 32 R R

AE — B 1A B0 A5 1R R - 4 A S R AR O B A
TRBE 1 2 [A)RE 45 8 A E L By, — 3 Z 18] B0 AR X
W% . TR s ) S5 ST S8 5 T S B BT T T A
AR H B 3 Z AR S8 e Uh . AR SR Y
B 5377 R 5 - s () S5 EOHT AR BT AR R AN AT 5 T

Rt REEL

Gk ik

(a) AR EE L 451 (b) 40 Jee 5% - &5 1 B e &l 43

BS5 NHRRELTEZEHMEATEE
Fig. 5 Space Equivalent Truss Element
Models of RC Structure
2.2 NERE LM BAN KRB IREN
A SCHR 5 75 [ 27 50T 28 B0 14 21 3R ik TR
SRR FIAE S E 32 I TR A 5 &L 2 TR Bt
A PEAE T A2 H AR ZS I L B -0 78 O &R SR A (12)
fi 75 B Hongnestad 73 Bekik 0 L 1
JUOEZ Sl 0e<e
o= (12)
lmuaws‘%>

Eu &0

g0 <e<e,



%3

Z A8 A IR TR A RO R U R AR A R 2 A AR R AT 5

K 200 560 435 R TR BE 4 35 B B i B B N 7
PEAS s, TR BE T 0 AR BR B 72 50 IR BE 1 0 ) 5e
R REE AR

212D vp 2R BE 0 A8 3K 3 A% PR H 2 e, =
0.003 30F, AN HTZEAT IR IR & LM b T 32
PRSI 7 - A8 26 F8 2k I 2K (13D s 1Y B4k 4%
kL

_f
o— &
€

0<e<e, (13)

e fo IR EBE L B PUHLR B s e W IR BE LB B BT
T 568 J3E P A 2 172

L3 A5 JE N W B 52 W) 24 TR 6 4 L 17
T35 BIGORLIR BE I AT AR RLIR

— PP B A3 T 45 - 45 A e AR I A 7 114 1oz A R 7
T 0. 01, WA HEASRAL K Be o R L 757 3C 1Y 23 8] 25
ROHT AR AR L 5 5517 1) 17 g - A O 2 R TS (1) e
7N 1 BR3P ASL R

Iy
Ji TeSess, (14

o, ==X &
If‘y g, <le<lep B —e,<e, << ey 6,<0.01
oo AN ST ses S B9 A 072 5 o R A 1) i
MR s, O B0 A 3 3 JiE R 5 RE I A D IR N A 5 e,
R R S5 A BRI 7

B A A e A S L g - I O R A S v
s Je R LA 4 B Y SR A A AR BRI AR R
N e,=0.01,
2.3 BRLISETHMIARANELE

TE A 3C S 8] S5 5OHT 2R BT v 25 (] BT A B0
Hh % Bl 525 32 JDIRS TR EE 5 T AT AR ST R & AF Y
Bl 32 AR YA BRI ) T R R 2 )
RN R Z A P 2 BT 28 38 8 A L [R) i R e st
71 ¥ BT A ) B A Y R ) OB AT AT A
AP RE e P A0 & AR S rh B
R BR AR JE K I A bR 0 S GE L T £ 0%
LK S 5 AT LA ks 4% 1 o3 AT R E
2.4 WEFRTERERALE

TEA FRICIH S 7 v, 2 19 735 5 o0 8 i it IR 2%
AR ZBUAR A A A3 R ) ST I8 ORI g - B8 O 2R
B HERH L F I R L A i B — 2 A A3 A Y AR
L Y AN A N A R o e, IR F e B Z5ABORE I Y Ab
PR AR PER R E U L e E= 05 [F] B
BN 3 e 5 Y A R R AT 0 T L 4 e I T A
FPERL I E) RN AT N ) 0. = Ever M3 T
0 R B2 S AR ) o =0 — f BT S

Jj Fe B
Fr=0,A.=(a.— [,ADA. (15)

3 WEREE T HRIEL TS T E A

SCHRLG A1 4 A VE 2B b W SR A i o, B AR 1Y
RAF KA anE 6 fis . BRm 1 M85 14
JES JRE 2H A, BB #0m SH S 200 mm X 200 mm, B B
o4 1200 mm, S TR N 9 4l ) N=155 kN,
A9 o) i 28 it 0 R AR AR 18 A 0 A 28 R S B
MEEESSN 1 000 mm, #85RY fy HI B4 RHE BE + 9 2 4
27.66 MPa, 2 15 84457 1% ) B F1 4 392. 95 MPa,
PP & O 2. 0 X 107 MPa., il ffi 19 8 Ik B2 1 A

210 MPa, BiPEfH A 2. 1X10° MPa,
N

|

(=]
(=)
F o
Al |al o >/ $6@50
o a N
S 414
200
A-ARTH

B 6 SRR TR R~ KRB (8L mm)
Fig. 6 Size and Reinforcement of RC Bridge
Pier Model (Unit:mm)

I ANSYS 10. 0 R AR 3C %5 (8] 55 25007 42 i
TG AN SRR 19 T 2 AT 4 50T » 23 331 X 4 597 9 35
PR AT AR A0 o FH 5[] 25 00T 2R B0 3 19 A
TR BE L A5 BEAT IS X 73 IS SR A SCH 2.1 A
UhstliRa R R S I LR T R N LT S Y R LV € )
ZRIATC, B HM BRSO 25 mm, B9 f5 5.0 O — 4k
FFEATT o B 41777 5 TR B 1 BT Z DR &5 LA AT
ARG S5 B0, AR m AL T A A T R B
LAY S AR ATEE 2. 2 o A 4R Sk A2 0 A
PN (PR

R T 25 (1) S5 0T 2 B0 A T 2 AR T 2 T
TG 3 114 i -0 3% 2k 5 i 8 75 B 1) il AT L
BN 7 Frs . NIE T AT LU A AR SONT AR
FICTT A B FR AT 200 31. 32 kN - i 25 A4 AT
SRR A B R FRAT 20 27. 18 kN i 55 15 2
AR B PR AT 280 R 33, 21 kN5 4% [1] S5 AT 42 5 TT K 2 G
TV T S5 OHT 2R B G 3 R O - T () R S T )
FIB) — b i A 23 ] 45 BT 2R B o TR A R 5 TR



6 EHAFE TRFR

2015 4

35¢
30t A
25t S
// '»'
é 20k //'.'
& p
&= I5f —RmaR
; - — = % [ A0 K 2 B B
1o} - ST S A M 24 B T T B 4
sH]
0 . s : . ’ '
i 3 12 16 20 24
{7 #%/mm

B 7 WETR B T -0 i

Fig.7 Load-displacement Curves of RC Bridge Pier
ZEAAR2E 5. 6900 i I TRRRE LR

PR 325 18] S 50T 2R 5.0 0 A 409 A TR 5 1 2454
4 55 — TR e AR AU TR A SO IR BE
L0 5 (8] SR AT A O AUR » 2 BoC AT R A E
PUPL 5 L TR BE AR 7 28 n] DUARSEAT 74 i) 7 3¢
(LB IR RBE R R N O . A SCRTY R BT 5 L A=
5,08 T 75 i B 25 1y
TE 2 AR R A 2
ERTE B 22 T8 I 2
el &l 8 Fran. M
Kl 8 nfLAE . 75 %
PR TET B 3 T
ENIVAPA I A N
1] A K 408 45 o 1B
KRB AT E T ms wgRetasEnEg
EARTLIE R — BRESRERTHERRRE
S0 1) 1Y 25 il B 24 Fig. 8 Deformation and Cracks of
B S5O S BREE Y RC Bridge Pier Model Under
il Limit Load

4 45 iF

(1) 2R FH 25 18] 25 250H 7 20 o0 AR 25 [ BG4
TR = 4 [ RBUHEAT 23 A7 2 W AT 9 R S 2 %) T B A
TRBE T 45 H 723 2 RN B ZOR IS DL T - ALAE
He 52 2 W R HL 1T 204 L T EL 34 RE 68 I B M 1 ik R 4%
AT .

(2) X T4l TR 5 - 254 o A 5 TRE B A1 R AR
A5G R A U] A 55 T AR 9 U R A 7 9 o - 2H A
ARl FT LA 2 1) S5 50T 20 B T AR TR AL 4 4
MM BN BEIR B 4 e . Z AR A A SCRF
JE LAy AR 28 1k ] 7

(3) X % W] 45 0T 20 B0 B AF 5 1 Ak S 2 B

B, R st Rh 850 5 H b B 50 2 45 B A R) ABLid
it b — 5T

S & Lk

References:

[1] NGO D,SCORDELIS A C. Finite Element Analysis of
Reinforced Concrete Beams[ ] ]. ACI Journal Proceed-
ings,1967,64(3):152-163.

(2] Ffed. e, k55 5. M = 4% IR % - f ok
BEX R[] ], AR TR AR, 1987,20(1) : 15-27.
WANG Chuan-zhi, GUO Zhen-hai, ZHANG Xiu-qin.
Experimental Investigation of Concrete Strength Under
Biaxial and Triaxial Compressive Stresses[J]. China
Civil Engineering Journal,1987.,20(1) :15-27.

(3] AV, G EDF, R B, RS LA e LRt A R

TR 5 N IM. b« R 5F R A . 1997,
LU Xi-lin, JIN Guo-fang, WU Xiao-han. Nonlinear
FEM Theory and Application of Reinforced Concrete
Structures [ M ]. Shanghai: Tongji University Press,
1997.

[4] HIRAISHI H. Evaluation of Shear and Flexural De-
formations of Flexural Type Shear Walls[]J]. Bulletin
of the New Zealand National Society for Earthquake
Engineering,1984,17(2) :135-144.

(5] Ry, T A, 5. R A 4807 0 M7 48 550 %t

TR BE A5 AT AR A AT LT ], H HUSS M 2 40
2005,26(5):112-117.
WU Fang-bo, DING Xian-li, ZHOU Xu-hong. et al.
Study on the Nonlinear Analysis of Reinforced Con-
crete Structures by Equivalent Plane Truss Element
Method[ J ]. Journal of Building Structures, 2005, 26
(5):112-117.

(6] Z k. SIS TR Bk 0 AFR MR 1o 3t 7 5 0K 5 80 38 0 4
M5 E LD, b« | 3% K, 2000.

QIN Dong. Computer Simulation for Transverse Earth-
quake Damage and the Collapse of Reinforced Concrete
Bridge Pier[ D]. Shanghai: Tongji University.2000.

(70 VLD f. 49 A 1R Bk L 45 4 R e Pk A R JC2r AT (M. 7
% BRPGRF =R AL, 1994,

JIANG Jian-jing. Nonlinear Finite Element Analysis of
Reinforced Concrete Structure[ M ]. Xi’an: Shaanxi Sci-
ence and Technology Press,1994.

(8] RREWE 2. WA IR BE LA T4 Hr LM, db 5t . vh [ K A
JKH R RRCAE S 1996,

KANG Qing-liang. Finite Element Analysis of Rein-
forced Concrete Structure[ M. Beijing: China Water &.
Power Press,1996.



